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ABSTRACT: Amino acid ionic liquids (AAILs) are potential
green substitutes of aqueous amine solutions for carbon
dioxide (CO,) capture. However, the viscous nature of AAILs
greatly hinders their further development in CO, capture
applications. In this contribution, 1-ethyl-3-methylimidazolium
lysine ([EMIM][Lys]) was synthesized and immobilized into a
porous poly(methyl methacrylate) (PMMA) microsphere
support for post-combustion CO, capture. The [EMIM][Lys]
exhibited good thermal stability and could be facilely
immobilized into porous microspheres. Significantly, the
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[EMIM][Lys]-PMMA sorbents retained their porous structure after [EMIM][Lys] loading and exhibited fast kinetics. When
exposed to CO, at 40 °C, [EMIM][Lys]—PMMA sorbent exhibited the highest CO, capacity compared to other counterparts
studied and achieved a capacity of 0.87 mol/(mol AAIL) or 1.67 mmol/(g sorbent). The capture process may be characterized
by two stages: CO, adsorption on the surface of sorbent and CO, diffusion into sorbent for further adsorption. The calculated
activation energies of the two-stage CO, sorption were 4.1 and 4.3 kJ/mol, respectively, indicating that, overall, the CO, can
easily adsorb onto this sorbent. Furthermore, multiple cycle tests indicated that the developed sorbents had good long-term
stability. The developed sorbent may be a promising candidate for post-combustion CO, capture.
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1. INTRODUCTION

Global carbon dioxide (CO,) emission caused by escalating
energy use may have resulted in a series of environmental
problems such as anomalous climate change and rising of sea
levels.'™” Studies have revealed that the concentration of CO,
in the atmosphere has increased from a preindustrial value of
~280 ppm to the current 397 ppm, and this value is continuing
to increase every year.”” In the United States, the combustion
of carbon-based fossil fuels contributes over 94% to the
anthropogenic CO, emission, and the U.S. Department of
Energy (DOE) issued a carbon sequestration roadmap in 2009
aiming to achieve 90% CO, capture at an increased cost of
electricity of no more than 35% for the post-combustion
process by 2020.'>'" Carbon capture and storage (CCS)
technology will be an effective approach to reducing excessive
CO, emissions from fossil fuel combustion. One of the current
leading technologies is the chemical absorption of CO, by
aqueous amine solutions."*™"> However, this process is
considered to be energy-intensive and expensive for large-
scale CO, separation, as well as being corrosive and toxic in
nature.'®'” Therefore, novel sorbent materials and technologies
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for efficient and economical CO, capture have attracted
increased attention in both academia and industry.

Ionic liquids (ILs) have been proposed as attractive
alternatives for CO, capture because they have negligible
volatility, nonflammability, high thermal stability, and virtually
unlimited chemical tunability.'®>° Brennecke and co-workers
first reported the solubility of CO, in imidazolium-based ILs
under high pressures.”’ The interaction between CO, and
imidazolium-type ILs contributes to the activity of H-2 in the
imidazolium ring. Because of the unique easily modified
characteristics of ILs, alkaline groups (e.g, —NH,) can be
attached to ILs to act as a powerful functional group for CO,
sorption.””** For example, Bates and co-workers introduced an
amine group to the cation of ILs and reported that the CO,
solubility of ILs increased substantially.”* Since then, a number
of amine-functionalized ILs have been developed for CO,
capture.”*™%° Amino acids (AAs) were one type that have
been used as both anions and cations to prepare novel ILs.”” >
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In 2005, Fukumoto et al.*® first reported the preparation of
amino acid-based ILs (AAILs) from 20 natural AAs by a
neutralization method. In general, NH;" in AAILs could be
deprotonated and result in an active —NH, group for CO,
sorption.

Although the CO, absorption in AAILs was substantially
improved, their use as liquid solvents is still limited due to their
viscous nature. For instance, AAILs containing tetrabutylphos-
phonium as a cation were found to have a minimum viscosity of
344 mPa s at 25 °C,*° and most AAILs that were prepared
using AAs as cations or using AA derivatives were either solids
or liquids of extremely high viscosity, up to 4180 mPa s at room
temperature.”’ In order to reduce the viscosity of AAILs, Jiang
et al?® successfully synthesized low viscosity (<60 mPa s)
AAILs using symmetric tetraalkylammonium ([TAA]) as a
cation; however, the resulting CO, capacity of 0.32 mol/(mol
AAIL) was not ideal for large-scale CO, removal. Immobiliza-
tion of AAILs into porous supports may enhance the CO,
sorption rate and keep the high CO, capacity of AAILs
themselves, which is regarded as a promising strategy to
synthesize advanced sorbents for CO, removal.>>*>*?

Herein, 1-ethyl-3-methylimidazolium ILs with lysine as a
reactive AA anion ([EMIM][Lys]) was synthesized and further
immobilized into porous polymethylmethacrylate (PMMA)
microspheres through a facile wet impregnation—vaporization
method. Lys was selected because of its high content of the
amino groups and thus high capacity potential."® The resulting
sorbents were characterized, and their CO, capture properties
were investigated. On the basis of our previous pilot work on
AAIL-based solid sorbents,®® this study aimed at generating
AAIL sorbents with high sorption rate, high capacity, and
excellent long-term stability, as well as examining the capture
mechanism and related activation energy. The developed AAIL-
based solid sorbents were characterized, and their CO, capture
properties were investigated. The sorbents exhibited a high
sorption rate and capacity, good recyclability, and high thermal
and long-term stability.

2. EXPERIMENTAL SECTION

2.1. Materials. 1-Ethyl-3-methylimidazolium bromide ([EMIM]-
[Br], >97.0%), Lys, glycine (Gly), alanine (Ala), arginine (Arg), anion
exchange resin (Amberlite IRA400 hydroxide), and ethanol were
purchased from Sigma Aldrich Co. (St. Louis, MO). Figure S1 of the
Supporting Information shows the structure of [EMIM][Br] and AAs
selected for this study. PMMA microparticles (effective particle size
~0.5 mm and specific surface area 547 m*/g) were purchased from
Supelco Co. (Bellefonte, PA). CO, and N, of high purity were used
for thermogravimetric analysis (TGA).

2.2. Synthesis of [EMIM][AA]. [EMIM][Lys] was synthesized via
a neutralization method.”*** A total of 1.0 g of [EMIM][Br] was
dissolved in deionized water (20 mL) to prepare an aqueous solution
and passed through the anion exchange resin, Amberlite IRA400 (OH-
type), to prepare the [EMIM][OH] solution. Then, the [EMIM]-
[OH] solution was reacted with a slight excess of Lys (0.9 g) through
neutralization at room temperature for 24 h. Water was evaporated to
generate a residual solution that contained the required IL. After being
further dried at 50 °C under vacuum for 12 h, the residue was diluted
with ethanol (8 mL) to precipitate the excess Lys. After centrifuging at
3750 rpm for 1S5 min, the insoluble Lys was removed and the ethanol
in the resultant solution was removed by rotating evaporation. Finally,
the products were dried at 80 °C under vacuum for 12 h before being
used for further characterization and immobilization. In order to
determine the effect of AA anion on the performance of the sorbents,
three other AAILs (i.e, [EMIM][Gly], [EMIM][Ala], [EMIM][Arg])
were synthesized in a similar fashion.
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2.3. Preparation of [EMIM][AA]-Impregnated PMMA Sorb-
ents. [EMIM][AA]-impregnated PMMA sorbents were synthesized
through a well-studied wet impregnation—vaporization meth-
0d.'®*7%7 Briefly, [EMIM][AA] was dissolved in ethanol at a
concentration of S0 mg/mL under a rotary evaporator (RV 10 Basic
Plus D, Wilmington, NC) using a stirring rate of 100 rpm. After 30
min, PMMA microparticles were added. The suspension was
continuously stirred for about 2 h under vacuum and subsequently
dried at 50 °C for 6 h. [EMIM][AA]—PMMA sorbents with various
loadings (i.e., 37.5, 48.7, and 58.5 wt %) of immobilized [EMIM][AA]
were prepared. The amount of AAILs loaded in the PMMA
microparticles was determined by comparing the weight differences
of the PMMA particles used before and after impregnation.

2.4. Characterization. The 'H nuclear magnetic resonance
(NMR) spectrum of [EMIM][Lys] was recorded at 25 °C using a
Varian INOVA 600 MHz spectrometer equipped with a triple-
resonance z-axis pulsed field gradient S mm probe. TGA and
differential scanning calorimetry (DSC) of [EMIM][Lys] were
performed on an SDT Q600 (V20.9 Build 20) instrument (Artisan
Technology Group, Champaign, IL) under N, atmosphere with a
heating rate of 10 °C/min. The morphology of PMMA microparticles
was examined using scanning electron microscopy (SEM) (Hitachi S-
4700, Tokyo, Japan). PMMA microparticles were cut into half using a
thin sharp blade under an optical microscope. Samples were mounted
onto stainless steel supports and sputtered with gold, and the sample
cross sections were examined. Brunauer—Emmett—Teller (BET) and
Barrett—Joynes—Halenda (BJH) analyses of resultant sorbents were
examined by the nitrogen adsorption/desorption test with the help of
a surface area analyzer (ASAP 2020).

2.5. CO, Capture and Regeneration of AAIL Sorbents. The
CO, capture performance of [EMIM][AA]-impregnated PMMA
sorbents was determined using TGA. Thirty milligrams of dried
PMMA-based sorbent was placed into the middle of the TGA
microbalance quartz tube reactor and heated to 105 °C in a N,
atmosphere at a flow of 200 mL/min for about 60 min. The
temperature was then adjusted to 40 °C (or 2S5, 50, 60, 80, 100 °C for
determining the effect of temperature on CO, capture performance),
and pure dry CO, was introduced at a gas flow rate of 200 mL/min
until no obvious weight gain was observed. The desorption was
performed by introducing pure N, into the sample cell at 100 °C for
60 min. The weight change in milligrams of the sorbents was recorded,
and the weight change in percentage was defined as the ratio of the
amount of the gas adsorbed or desorbed over the total amount of CO,
adsorbed. Adsorption capacity in mmol/(g sorbent) was calculated
from the weight change of the samples during the adsorption/
desorption cycles. To check the stability of the sorbents, after the first
sorption cycle, the cycling was repeated by heating the sorbents to 100
°C under N, for regeneration, followed by cooling to 40 °C for
another CO, adsorption process.

3. RESULTS AND DISCUSSION

[EMIM][Lys] and other three AAILs (ie, [EMIM][Gly],
[EMIM][Ala], [EMIM][Arg]) were transparent light yellow
liquids at room temperature (Figure S2, Supporting Informa-
tion). The structure of [EMIM] [Lys] was confirmed using 'H
NMR spectroscopy (Figure S3, Supporting Information).
Figure 1 shows the TGA and DSC curves of as-prepared
[EMIM][Lys]. It can be seen that [EMIM][Lys] had an onset
thermal decomposition temperature (T;) of about 200 °C,
indicating reasonably good thermal stability. For the DSC test
(Figure 1), an exothermal peak was observed around 200 °C
for [EMIM][Lys], which may be associated with the curing
process (ie., cold crystallization) of [EMIM][Lys].>*** The
cold crystallization temperature is the onset of an exothermic
peak on heating from a subcooled liquid state to a crystalline
solid state, which has been observed previously for ILs.>® An
endothermic effect was observed around 250 °C, which may be
related to the thermal degradation of [EMIM][Lys] in N,.
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Figure 1. TGA and DSC curves of as-prepared [EMIM][Lys] (N,
atmosphere, heating rate of 10 °C/ min).

Figure 2 shows the CO, uptake behavior of the [EMIM]-
[Lys] solvent with different amounts of the sample placed in

0.201 [——[EMIM][Lys]2.5 mg
- —- [EMIM][Lys]7.0 mg
>
=
g o5
=
w
8 o0
Q
2
£ .05
@
(-]
£

0.00 -

0 100 200 300 400 500
Time (min)

Figure 2. CO, absorption of [EMIM][Lys] solvents with different
amount placed in the TGA sample cell at 40 °C.

the TGA microbalance quartz sample cell. The liquid
[EMIM][Lys] was heated to 105 °C in a N, atmosphere to
remove moisture and then adjusted to 40 °C in CO, to
measure CO, capacity. The sorption rate of liquid [EMIM]-
[Lys] was slower at 7 mg of sample size compared to 2.5 mg.
This finding could be attributed to the high CO, diffusion
resistance caused by the high viscosity of the AAILs. For the 7
mg sample, the molar uptake of CO, per mole of [EMIM][Lys]
during 500 min exposure period was approximately 0.12. When
the amount of [EMIM][Lys] was reduced to 2.5 mg, the
sample could be effectively spread as a thin film in the sample
cell, and the sorption rate was enhanced, reaching a sorption
capacity of 0.19 mol/(mol [EMIM][Lys]) in S00 min.
However, this experimental CO, absorption capacity was still
much lower than the theoretical value, possibly due to the high
viscosity of the imidazolium-based AAIL caused by the
hydrogen bonding at the 2-position of the imidazolium cation
ring with its AA anions.”**®

In order to improve the absorption performance, [EMIM]-
[Lys] was immobilized into nanoporous PMMA microparticles
using an impregnation—vaporization method. Here, PMMA
microparticles were selected as a standard support because of
their hierarchical structure and large BET surface area (547 m?/
g), which could be beneficial for the increase in AAIL loading
and CO, diffusion.***! Figure 3 shows the SEM images of the
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Surface

Figure 3. SEM images of as-prepared [EMIM][Lys] -PMMA sorbents
with different [EMIM][Lys] loadings (37.5, 48.7, and $8.5 wt %). Left:
Surface structures; Right: Cross-section structures.

as-prepared [EMIM][Lys]-PMMA sorbents with different
amounts of [EMIM][Lys] loaded (37.5, 48.7, and $8.5 wt
%), indicating that the surfaces of the PMMA microspheres are
featured with hierarchical roughness and nanotextures. Close
observation of the cross-section of the sorbents with [EMIM]-
[Lys] loading of 48.7 wt % (Figure 3d, inset) showed that the
microspheres retained their interior porous structure after
immobilization of [EMIM][Lys]. These observations lead us to
the conclusion that the nanoporous structure of the developed
sorbents may be suitable for mass (e.g, CO,) transport and
have potential for CO, capture applications.

The N, adsorption/desorption isotherms of PMMA micro-
particles before and after loading [EMIM][Lys] were measured
to evaluate their surface area and pore structure. As shown in
Figure 4 and Table S1 of the Supporting Information, the
original PMMA microparticles exhibited very high N, uptakes
with a saturated uptake of 958 cm®/g. The corresponding BET
surface area and BJH adsorption cumulative pore volume were
calculated to be 547 m*/g and 1.34 cm?/g, respectively. After
[EMIM][Lys] was loaded into PMMA microparticles, the N,
uptake, surface area and pore volume decreased dramatically.
As shown in Figure 4 and Table S1 of the Supporting
Information, the saturated N, uptake (333 cm®/g) and pore
volume (0.50 cm®/g) of [EMIM][Lys](37.5 wt %)—PMMA
were roughly one-third of those of PMMA microparticles. The
BET surface area was reduced to 94 m?/g. Particularly, the
reduced pore volume confirmed that the [EMIM][Lys] was
loaded into PMMA pores. Comparison between reduced pore
volume from N, adsorption analysis and loaded AAIL volume
(Table S2, Supporting Information) further confirmed that
some pores of the sorbents were blocked by AAIL loading.
When the [EMIM][Lys] loading was increased to 48.7 wt %,
the saturated N, uptake, BET surface area, and pore volume
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Figure 4. (a) N, adsorption/desorption isotherms and (b) BJH
adsorption pore size distribution of PMMA microspheres before and
after loading [EMIM][Lys]. The filled symbols are for adsorption and
empty symbols for desorption.

were drastically dropped to 200 cm?®/g, 27 m*/g, and 0.31 cm?®/
g, respectively. When the loading of [EMIM][Lys] was further
increased to 58.5 wt %, the resulting BET surface area and pore
volume were only 0.77 m*/g and 0.01 cm®/g, respectively,
indicating the almost complete pore filling/blockage of PMMA
microparticles by [EMIM][Lys] (Figure 3e and f). BJH
adsorption pore size distribution (Figure 4b) presented the
changes of pore sizes with increasing [EMIM][Lys] loading,
suggested that the majority of the pores were smaller than 120
nm.

Figure S presents the CO, capture performance of
[EMIM][Lys]-PMMA sorbent with various [EMIM][Lys]
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Figure 5. CO, adsorption of [EMIM][Lys]-PMMA sorbents with
various [EMIM][Lys] weight ratios (i.e., 37.5, 48.7, and 58.5 wt %) in
the sorbents at 40 °C.
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weight ratios in the sorbents at 40 °C. It demonstrated that the
resultant sorbents can overcome the high viscosities of
[EMIM][Lys] to exhibit a dramatically enhanced sorption
rate (reaching their equilibrium sorption capacity within 10
min) and capacity [(1.23—1.67 mmol/(g sorbent) or 0.64—
0.87 mol/(mol [EMIM][Lys])], which could be due to the
enlarged mass transfer area of AAILs after immobilization.'®
Evidently, the CO, adsorption capacity of our [EMIM][Lys]-
based sorbents was also much higher than [TAA][AA] with a
low viscosity, which had a capacity of 0.32 mol/(mol AAIL).*°
Amine-based ILs are known to react with CO, to produce
carbamates through the formation of zwitterionic intermedi-
ates.*” Additionally, the CO, capture behaviors depend on the
[EMIM][Lys] weight ratios in the sorbents. The CO,
adsorption capacity of [EMIM][Lys]-PMMA with [EMIM]-
[Lys] loadings of 37.5, 48.7, 58.5 wt % were 1.42, 1.67, 1.23
mmol/(g sorbent), respectively (Figure S). The CO,
adsorption capacity increased with increasing [EMIM][Lys]
loading from 37.5 to 48.7 wt % followed by a decrease at 58.5
wt % loading. The capacity reached the highest level of 1.67
mmol/ (g sorbent) or 0.87 mol/(mol AAIL) at the
[EMIM][Lys] loading of 48.7 wt %; a CO, adsorption capacity
of >1 mmol/(g sorbent) was indicated to potentially reduce the
cost of CO, sequestration.”> At 487 wt % loading of
[EMIM][Lys], appreciable porosity was still preserved (Figure
4) with similar pore sizes inside and outside the porous PMMA
support (Figure 3c and d), and this was beneficial for CO,
adsorption and led to high amine efficiency. Upon further
increasing the loading of [EMIM][Lys] to 58.5 wt %, the large
amount of [EMIM][Lys] could have blocked the pores of
PMMA particles (Figure 3e and f) and thus reduced the specific
surface area (0.77 m?/g) and pore volume (0.01 cm?/g) of the
sorbents (Table S1, Supporting Information and Figure 4b)
leading to a lower capacity [1.23 mmol/(g sorbent)].

It is known that CO, sorgtion by supported amine sorbents
is temperature dependent.** The [EMIM][Lys](48.7 wt %)—
PMMA sorbent was exposed to CO, at a temperature range
from 25 to 100 °C. Clearly, as the temperature increased, the
CO, capture capacity decreased (Figure 6a). A plot of CO,
capacity versus temperature (Figure 6b) shows that there was a
trend toward linear decrease, and the CO, uptake amount
reached the highest [1.87 mmol/(g sorbent)] and lowest [1.47
mmol/(g sorbent)] levels at sorption temperature of 25 and
100 °C, respectively. This phenomenon occurs because the
interaction between a sorbent and a sorbate was weakened as
temperature increases.” In general, the adsorption process can
be described well with a single or a series of multiple first-order
reactions.***’ Hence, the adsorption curves in Figure 6a are
fitted into the following double exponential model:

C=¢C, - Ae™™ — Be ™ (1)

where k; and k, are the reaction rate constants, t is the time, A
and B are parameters, and C, is the saturated capacity. The
results are shown in Figure S4 of the Supporting Information,
and the fitted parameters are listed in Table 1. The adsorption
curves were also fitted using other models, e.g, a single
expoential model (Figure S5, Supporting Information).

From Figures S4 and SS of the Supporting Information, one
can see that these adsorption curves fit very well in a double
exponential model (Figure S4, Supporting Information) as
compared to a single exponential model (Figure S5, Supporting
Information). These results indicated that CO, adsorption in
[EMIM][Lys]-PMMA sorbents may have two different
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sorption processes: (1) CO, adsorption on the surface (k;),
where the CO, directly reacts with the surface amino group to
form carbamate, which was a fast process. (2) Once the surface
amino groups bonded with CO,, the CO, has to diffuse into
the sorbent to continue reacting with amino groups. Obviously,
this was a kinetically controlled step (k,) as we can see from
Table 1; k; was at least an order of magnitude higher than k,.
From Table 1, we also found that with increasing temperature
from 25 to 80 °C, k, and k, increased overall. However, when
the temperature reached 100 °C, k; and k, decreased. As shown
in Figure 6 and Table 1, as temperature increased, the CO,
capacity decreased and the reaction time to reach the maximum
capacity did not change much. Therefore, this sorbent was
more suitable for low-temperature (<80 °C) CO, capture
technology.

For each sorption process, the activation energy can be
obtained by applying the following Arrhenius equation.*’

E
m@:-fx%+m® o

where k is the reaction rate constant, R is the gas constant, E, is
the activation energy, and F is the pre-factor. By plotting In(k)
versus 1/T (Figure 7), we obtained the activation energies of
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Figure 7. The In(k)~1/T relationship from the Arrhenius’ equation.

Table 2. Fitted Activation Energy (E,) and Pre-Factor F of
[EMIM][Lys](48.7 wt %)—PMMA Sorbent

E, (kJ/mol) F
1st process 4.1 6.65 X 107
2nd process 4.3 6.32 x 10°°

these two sorption processes (Table 2). Although there are
large deviations from linearity (especially the data at 100 °C) in
Figure 7, it was surprising to see that the activation energies for
both processes were similar, which may indicate that the
activation barrier was not the main reason for the rate
differences (Table 1). As we know, the pre-factor (F in eq 2)
was related to the entropy change of the sorption system.
Compared to the first process, the second process of CO,
diffusion had a lower pre-factor value (Table 2), which
corresponded to less entropy change. Therefore, although
their activation energies were similar, the first process had a
larger entropy change and a larger reaction rate constant, while
the second process was the rate determining step with smaller
reaction rate constant and entropy change.

In addition to the high CO, capture efliciency, long-term
stability is also important for any CO, sequestration system.**
Figure 8 presents the CO, adsorption/desorption multicycles
of [EMIM][Lys]—-PMMA (48.7 wt %) sorbent. It can be seen
that the sorbents can be used in many cycles, maintaining
nearly contant adsorption capacity. Only a 4% loss in
adsorption capacity was observed after 14 cycles for [EMIM]-
[Lys]|-PMMA (48.7 wt %) sorbent. The high stability of
[EMIM][Lys]-PMMA sorbent may be attributed to its lower

Table 1. Fitted CO, Capture Kinetic Parameters of [EMIM][Lys](48.7 wt %)—PMMA Sorbent

T (K) k; (sec™?) k, (sec™)

298.15 1.0067 x 1072 8.4491 x 107*
313.15 1.6432 X 1072 1.4058 X 1073
323.15 1.3261 X 1072 8.1013 X 107*
333.15 1.7797 X 1072 1.2835 X 1073
353.15 24251 X 1072 2.0339 x 1073
373.15 1.2089 x 107> 9.9098 x 107+

A (mmol/g) B (mmol/g) Co (mmol/g) R?
2.0533 0.2438 1.8706 0.9781
1.7264 0.2398 1.6704 0.9857
1.9609 0.1409 1.6643 0.9642
1.7562 0.1775 1.5649 0.9768
1.5613 0.2418 1.5379 0.9891
1.6168 0.2169 1.4725 0.9732
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ACS Applied Materials & Interfaces

Research Article

2.5
——COz adsorption/desorption cycles | |- 120
2.0 - - - Temperature
= 1100
2 1.5 a
£ = L
E 10 fso g
g g
= 0.5 o
s 60
3 0.0 e
3 0.0 =
o ity L 40
-0.54
.01 . , . 20
0 500 1000 1500 2000
Time (min)

Figure 8. (a) CO, adsorption vs cycles of [EMIM][Lys](48.7 wt %)—
PMMA sorbent. Each cycle consisted of flowing CO, at 40 °C for 45
min and then flowing N, at 100 °C for 45 min.

volatility and solid state at room temperature. It suggests that
the slight loss of sorption capacity may result from weight loss
of the immobilized AAIL during the temperature- and pressure-
swing regeneration process.48 For wet-impregnated solid amine
sorbents (e.g, AAIL-based sorbents), the amine molecules
adhere to the porous support surface by physical van der Waals
forces or hydrogen bonding and may leak to the bulk gas
stream because of the difference in concentration, which
contributes to the loss of amines.*’

To determine the effect of AA anion on CO, capture
performance of the sorbents, different AA (i.e,, Lys, Gly, Ala,
Arg)-based [EMIM][AA]s with similar loading were immobi-
lized into PMMA microparticles, and their CO, uptake
performance was determined using the TGA method (Figure
9); the results are summarized in Table 3. Note that all the
sorbents were tested under ideal conditions (i.e., dry, pure gas,
with a CO, partial pressure of 1 bar, and desorbing with N,);
this simple adsorption/desorption test was useful in comparing
the performance of different types of sorbents. All the sorbents
exhibited a rapid initial sorption rate and high capacity [1.01—
1.67 mmol/(g sorbent) or 0.45—0.87 mol/(mol AAIL)]
(Figure 9a). The CO, capture behaviors depended on the
AA anion. When exposed to CO,, the adsorption capacity of
[EMIM][Arg], [EMIM][Ala], [EMIM][Gly], and [EMIM]-
[Lys] were 1.01, 1.38, 1.53, and 1.67 mmol/(g sorbent),
respectively (Figure 9b). Evidently, the [EMIM][Lys]-based
sorbent achieved the best CO, capture performance in 50 min
(87% of its theoretical value), which could be attributed to its
high content of amino groups (i.e., two amino groups in one
molecule). Note that the capacity could be further improved by
choosing better porous supports, which will be part of our
future studies. It is known that aqueous amine absorbs CO, in a
1:2 stoichiometry (i.e., one CO, molecule is combined with
two amino groups).”> For amino-functionalized task-specific
ILs, both 1:1 and 1:2 reaction stoichiometry mechanisms have
been proposed.'®** In this work, the adsorption mechanism of
CO, in developed [EMIM][AA]-PMMA sorbents was
believed to follow the 1:2 stoichiometry (except [EMIM]-
[Arg]). According to the 1:2 stoichiometry, at most, 0.5—1.5
mol CO, can be sorbed per mol [EMIM][AA] based on the
number of sites for CO, bonding. The experimental CO,
sorption capacities of sorbents approached their theoretical
maximum value (Table 3). The experimental CO, sorption
capacity of [EMIM][Arg] presented an obvious discrepancy
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Figure 9. (a) CO, adsorption/desorption curves and (b) CO,
adsorption capacity of four different [EMIM][AA]—PMMA sorbents
(with [EMIM][AA] weight ratio of ~48.7 wt % in the sorbents).

with its theoretical one, which could be related to the possible
formation of hydrogen bonds among the Ar% molecules thereby
rendering them inactive for CO, sorption.'>**

4. CONCLUSIONS

AA-functionalized [EMIM]-type AAILs were synthesized and
immobilized into nanoporous PMMA microspheres as new
sorbents for post-combustion CO, removal. The [EMIM][Lys]
exhibited good thermal stability and could be facilely
immobilized into nanoporous microparticles with various
weight ratios. After [EMIM][Lys] loading, the nanoporous
structure of PMMA particles was retained, and [EMIM][Lys]
was well distributed onto/into the surface/interior of the
porous support, leading to fast kinetics of [EMIM][Lys]—
PMMA sorbent. Compared with the other three AAILs studied
(e, [EMIM][Arg], [EMIM][Ala], [EMIM][Gly]), [EMIM]-
[Lys]-PMMA sorbent had the highest CO, capture capacity
[1.67 mmol/(g sorbent) or 0.87 mol/(mol AAIL)]. The CO,
adsorption in AAIL sorbents seemed to involve two processes:
CO, was directly adsorbed on the surface and CO, diffused
into the sorbent to continue reacting with amino groups. Our
fitted rate constants, activation energies, and pre-factors
(related to entropy change) showed that the second process
for CO, diffusion was the rate-determining step for the sorbent
to capture CO,. The CO, uptake performance of the
[EMIM][Lys]-PMMA sorbent could be finely controlled by
adjusting the sorbent structure, AAIL loading, sorption
temperature, and gas flow rate. Furthermore, the developed
[EMIM][Lys]—-PMMA sorbent had stable multi-cyclic proper-
ties and may be promising for post-combustion CO, capture.
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Table 3. CO, Sorption Capacity (C) of the Four Sorbents with [EMIM][AA] Loading of ~48.7 wt %

Ciheo (mol/mol)®

1

sample

[EMIM][Lys]—PMMA

[EMIM][Gly]-PMMA 0.5
[EMIM][Ala]-PMMA 0.5
[EMIM][Arg] -PMMA LS

C.,, (mol/mol) b

0.87
0.49
0.45
0.52

“Theoretical CO, sorption capacity. bExperimental CO, sorption capacity.

C.,p [mmol/(g IL)] C.,p, [mmol/(g sorbent)]
340 1.67
3.06 1.53
2.76 1.38
2.02 1.01
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